The gene encoding the plasma membrane proton pump (H ؉ -ATPase) of Aspergillus fumigatus, PMA1, was characterized from A. fumigatus strain NIH 5233 and clinical isolate H11-20. An open reading frame of 3,109 nucleotides with two introns near the N terminus predicts a protein consisting of 989 amino acids with a molecular mass of approximately 108 kDa. The predicted A. fumigatus enzyme is 89 and 51% identical to H ؉ -ATPases of Aspergillus nidulans and Saccharomyces cerevisiae, respectively. The A. fumigatus PMA1 is a typical member of the P-type ATPase family that contains 10 predicted transmembrane segments and conserved sequence motifs TGES, CSDKTGT, MLTGD, and GDGVN within the catalytic region. The enzyme represents 2% of the total plasma membrane protein, and it is characteristically inhibited by orthovanadate, with a 50% inhibitory concentration of ϳ1.8 M. H ؉ -ATPases from Aspergillus spp. contain a highly acidic insertion region of 60 amino acids between transmembrane segments 2 and 3, which was confirmed for the membraneassembled enzyme with a peptide-derived antibody. An increasing A. fumigatus PMA1 copy number confers enhanced growth in low-pH medium, consistent with its role as a proton pump. These results provide support for the development of the A. fumigatus H ؉ -ATPase as a potential drug discovery target.
Opportunistic fungal infections have increased markedly in recent years, and Aspergillus fumigatus, an ubiquitous filamentous fungus, has become a prevalent cause of invasive fungal infections in immunocompromised patients (8, 9) . After inhalation of its airborne conidia, A. fumigatus causes a variety of diseases including allergic bronchopulmonary aspergillosis in asthma patients and invasive pulmonary aspergillosis (IPA) in immunocompromised patients (3, 9, 18) . IPA is rare in immunocompetent individuals; but its prevalence has increased due to transplantation procedures, aggressive chemotherapy for cancer, immunosuppressive regimens for patients with autoimmune disease, and the emergence of AIDS (9) . A. fumigatus is estimated to be responsible for 30% of fungal infections among cancer patients and 10 to 25% of fungal infections among leukemia patients (9) , and the mortality rate associated with A. fumigatus infections is high (18) . Early diagnosis of invasive fungal infections is critical for a successful therapeutic outcome, although such diagnoses are frequently difficult to achieve (2, 8, 19) . Despite the availability of azoles with broader reactivities against filamentous fungi, such as itraconazole (11) or the recently introduced echinocandins, amphotericin B remains the first choice for the treatment of severe or refractory mycoses, especially IPA (4, 10) . However, the clinical efficacy of amphotericin B is limited by its well-known nephrotoxicity (36) . Lipid formulations of amphotericin B improve the therapeutic index of this drug (9, 27) , but cost and toxicity remain problems (34) . In order to improve therapeutic outcomes, additional drug targets are needed to develop new antifungal drugs.
One such target is the fungal plasma membrane H ϩ -ATPase, which is an ATP-dependent proton pump. It plays a critical role in fungal cell physiology by regulating intracellular pH, maintaining ionic balance, and generating the electrochemical proton gradient necessary for nutrient uptake (37) . The H ϩ -ATPase from Saccharomyces cerevisiae has been shown to be essential by gene disruption experiments (38) , and it displays a number of biochemical and genetic properties that make it attractive as a drug discovery target (25, 31) . It is a member of the P-type ATPase family that mediates ATPdependent cation transport and is closely related to ion-translocating enzymes from plants (H ϩ -ATPase), bacteria (K ϩ -ATPase and Mg 2ϩ -ATPase) and animals (Na ϩ , K ϩ -ATPase, Ca 2ϩ -ATPase, and H ϩ , K ϩ -ATPase) (20, 22) . The fungal pump has been extensively characterized from model systems such as S. cerevisiae (30) . It comprises a single subunit of about 100 kDa that consists of a membrane-bound domain with 10 transmembrane segments, a large cytoplasmic ATP hydrolysis domain, and a narrow stalk domain that links the two larger domains (20) . These enzymes couple ATP hydrolysis in the cytoplasmic domain to ion transport in the membrane-embedded domain, forming an acyl-phosphate intermediate during catalysis (20) .
The PMA genes encoding H ϩ -ATPases from numerous fungi and plants have been characterized and have been shown to be highly similar, with similarity from 45 to 95% at the amino acid level (13) , although they show only about 25% similarity with those from members of the higher eukaryotes (41) . The P-type cardiac and gastric ATPases are well-known targets for therapeutics, and there is a high degree of target specificity for these ATPases (29) . The highly conserved functional properties of the fungal H ϩ -ATPases suggest that a specific antagonist could present broad reactivity to fungal species. In addition, prominent acid efflux induced by the H ϩ -FIG. 1. Nucleotide and predicted amino acid sequences of the A. fumigatus PMA1 gene. Untranslated regions and intron sequences are shown in lowercase letters. The deduced amino acid sequence of the PMA1 gene is shown by the one-letter amino acid designations below the nucleotide sequence. Amino acid residues are numbered beginning with the first methionine, and the translation termination codon is denoted by an asterisk. The site of phosphorylation, D 427 KTGT, is double underlined. Ten putative hydrophobic transmembrane segments are shaded, consensus intron sequences are underlined, and the three extra insertion regions are boxed. Ser-417 near the site of phosphorylation has been boxed with a double line.
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ATPases may be an important pathogenicity determinant for tissue infiltration (25) . In this report, we describe the cloning and biochemical characterization of the H ϩ -ATPase from the pathogenic fungus A. fumigatus, which could serve as a target for novel antifungal drug development. Identification of PMA1 gene from A. fumigatus cDNA library. The NIH 5233 (ATCC 13073) cDNA library constructed in phagemid pBluescript SK(Ϯ)was obtained from Stratagene. Conserved regions of PMA1 genes from S. cerevisiae and other fungi (DQSAITGESL, AMTGDGVNDAPSLKKAD, and LAG VEILCSCSDKTGTLTKNKL) were used to identify P-type ATPases from a genomic sequence database of A. fumigatus (Astra-Zeneca). These regions were aligned to pmaA of Aspergillus nidulans (33) . Primers (5Ј-GA GCC GAA GCA ACA ATG GCG GAG and 5Ј-GC GAG AGA TTC ACC AGT GAT GGC) designed from identical regions of the nucleotide sequence alignment between the identified A. fumigatus P-type ATPase sequences and the pmaA gene of A. nidulans were initially used to amplify a 0.9-kb fragment of A. fumigatus PMA1 cDNA of strain NIH 5233. The library was propagated and plated on 100-mm Luria-Bertani agar plates to yield 500 to 100 plaques per plate. The plates were divided into quadrants, and the plaques were pooled. cDNA from the phage pools was extracted with LambdaSorb phage adsorbent (Promega). The 0.9-kb fragment of A. fumigatus PMA1 was amplified from the cDNA extracted from these pools, and positive pools were replated and single plaques were evaluated. A. fumigatus PMA1 was amplified from a single enriched plaque by using primers T3 and T7 present in the pBluescript SK(Ϯ) phagemid. The T3-T7 fragment was cloned into vector pCR-XL-TOPO (Invitrogen) to create plasmid pHB AfPMA1.
MATERIALS AND METHODS

Strains
Genomic DNA isolation and identification of A. fumigatus PMA1. A. fumigatus strains were maintained on YPD agar plates at 37°C. Spores (2.7 ϫ 10 6 ) were inoculated into 25 ml of YPD medium and were grown overnight at 37°C with shaking. The cells were filtered through a 0.2-m-pore-size SFCA filter (Nalgene) and collected in a porcelain bowl, frozen with dry ice, and ground with a pestle. Total genomic DNA was extracted with a slightly modified version of the Wizard Genomic DNA Purification kit (Promega). After the addition of the nucleus lysis solution, the protocol was modified by incubating the sample in a 37°C water bath for 1 h. The sample was centrifuged for 20 min at top speed (13,000 rpm) in a microcentrifuge (Marathon 16 KM; Fisher) after the addition of the protein precipitation solution. A. fumigatus PMA1 was amplified from chromosomal DNA with primers derived from the cDNA sequence of A. fumigatus NIH 5233 PMA1 (5Ј-GCC ATT CCT GCC ATT TCT TGT TTG and 5Ј-GCC GAA GCC CAG CCC TAT GCA TGT ATG).
Transformation of Aspergillus. Electroporation was performed in a 1.5-ml microcentrifuge tube by mixing 2 to 5 g of DNA (in 10 l) with 50 l of conidia (ϳ10 8 ) along with 2 g of pyrG DNA amplified by PCR from plasmid pCDA14 (6), as described by Weidner et al. (43) . Spheroplast transformation was performed as follows. A suspension of 10 7 A. fumigatus spores in 50 ml of YG (0.5% yeast extract and 2% D-glucose supplemented with 5 mM uridine and 5 mM uracil) containing trace elements was incubated for 12 h at 28°C with gentle circular agitation (200 rpm) until the formation of germ tubes, as observed by light microscopy. Germ tubes were collected by filtration under vacuum or centrifugation at 5,000 ϫ g for 10 min. The germ tubes were washed by centrifugation with sterile water and resuspended in 50 ml of a solution containing 0.32 M ammonium sulfate, 32 mM citric acid (pH 6), 0.4% yeast extract, 0.8% sucrose, 130 mM magnesium sulfate, 400 mg of bovine serum albumin, 0.1 ml of beta-glucuronidase (Sigma), and 300 mg Glucanex (InterSpex Products, San Mateo, Calif.). The cells were swirled (120 rpm) for 5 to 6 h at 30°C until protoplast formation. The cells were collected by centrifugation at 2,500 ϫ g for 10 min and resuspended in 0.4 M ammonium sulfate-1% sucrose-50 mM citric acid (pH 6). The cells were centrifuged for 5 min at 4,000 ϫ g, and the cell pellet was resuspended in 1 ml of 0.6 M KCl-50 mM CaCl 2 -10 mM morpholineethanesulfonic acid (pH 6) and placed at 4°C for 10 min. An aliquot (100 l) of the protoplast suspension was added to 4 to 20 g of DNA. A solution (50 l) containing 25% (wt/vol) polyethylene glycol (PEG) 6000, 100 mm CaCl 2 , 0.6 M KCl, and 10 mM Tris-HCl (pH 7.5) was added to the DNA-cell suspension, which was kept at 4°C for 20 min. The suspension was then added to 1 ml of the PEG-containing solution and placed at 22°C for 20 min. The transformation mixture (100 to 200 l) was plated on selective medium (YG without uracil supplementation) containing 0.6 M KCl.
Total RNA isolation, cDNA preparation, and identification of A. fumigatus PMA1. Total RNA was extracted from H11-20 with an RNeasy Plant Mini kit (Qiagen). The protocol was modified by grinding the cells with dry ice and by washing with 500 l of the RW1 buffer provided with the kit. cDNA was obtained by reverse transcriptase PCR with the Omniscript kit (Qiagen). A. fumigatus PMA1 was amplified from cDNA with the same primers used for amplification of the gene from genomic DNA.
Disruption and restriction enzyme marking of A. fumigatus PMA1. The entire region between the StuI sites (1,299 bp) was replaced by the 4.0-kb Aspergillus niger pyrG gene (6) from plasmid pCDA14 digested with XbaI, creating pHB⌬AfPMA1. The pyrG-disrupted A. fumigatus PMA1 gene was amplified with primers (5Ј-GCT TTG TGA GCC GAA GCA ACC CAT GGC GGA GCG GAGAT CTC C and 5Ј-CCA GAT GAG ATA TTA GTA GAG TAA TCT CCG GAT TAC TCA TCA TCC) and was used for transformation of strain CEA17 (6) by both electroporation and spheroplasting methods (7) . Stable transformants were selected on minimal medium plates, and genomic DNA was isolated as described above. Primers (5Ј-GCC ATC ACT GGT GAA TCT CTC GC and 5Ј-CGT AGG CAA CAG CGA TGG TGG) were used to amplify part of the A. fumigatus PMA1 gene with or without disruption. PCR products were analyzed by agarose gel electrophoresis. Introduction of a marked copy of A. fumigatus PMA1 was accomplished by modifying the gene with a silent mutation encoding a new EcoRI restriction enzyme site at nucleotide position 1389 with a QuickChange Site-Directed Mutagenesis kit (Stratagene).
Purification of plasma membranes and H
؉ -ATPase-mediated ATP hydrolysis measurements. Plasma membranes were prepared from a 24-h culture of A. fumigatus strain H11-20 by centrifugation on a sucrose step gradient, as described previously (39) . Cells were collected in cheesecloth and resuspended in homogenization buffer (50 mM Tris-HCl [pH 7.5], 0.3 M sucrose, 1% glucose, 1 mM EDTA, 2 mM dithiothreitol [DTT]) containing 1 mM phenylmethylsulfonyl fluoride and 2.5 g of chymostatin per ml. The cells were broken in a French pressure cell at a pressure of 20,000 lb/in 2 . After cell disruption, the cells were centrifuged in a Sorval SS-34 rotor for 20 min at 5,000 rpm. A crude membrane fraction was pelleted from the supernatant by centrifugation at 49,000 rpm for 1 h in a Beckman 50.2 Ti rotor. The crude membranes were washed in membrane wash buffer (10 mM Tris-HCl [pH 7], 1 mM EGTA, 1 mM DTT, 20% glycerol) with 0.5 mM phenylmethylsulfonyl fluoride and were resuspended in membrane wash buffer. Purified plasma membranes were recovered at the 53.5%-43.5% (wt/wt) sucrose interface of a step gradient containing 1 mM EDTA, 1 mM DTT, and 10 mM Tris (pH 7.0) after centrifugation for 3 h at 39,000 rpm in a SW41 rotor. The membranes were washed in membrane wash buffer for 1 h at 49,000 rpm in a 50.2 Ti rotor and resuspended in membrane wash buffer.
ATPase assays. ATP hydrolysis assays were performed in triplicate 96-well microplates as described previously (42) . The amount of inorganic phosphate released was determined by measuring the absorbance at 660 nm in a microtiter plate reader (Tecan SLT Instruments) after a 15-min incubation at 37°C. The optimal pH for ATP hydrolysis was determined in a standard reaction medium with the pH adjusted to 5.0 to 7.5. K m and V max values were determined by measuring ATP hydrolysis with equimolar concentrations of ATP and MgSO 4 from 0 to 10 mM containing 0.5 mM NaN 3 to eliminate possible contributions from mitochondrial ATPase activities. Vanadate sensitivity was assayed by measuring ATP hydrolysis in the presence of 0 to 1,000 M sodium vanadate. The protein concentration was determined with Coomassie Plus Reagent (Pierce) and was measured at 595 nm in a microplate reader (Tecan SLT Instruments) with bovine gamma globulin as the standard.
Antibodies and Western blot analysis. Peptide-derived antibodies (Research Genetics, Inc.) were produced against an Aspergillus-specific 16-amino-acid stretch (KPEMFETYKEYLATAN) contained within a highly acidic insertion region of 39 amino acids between transmembrane segments 2 and 3. The antibodies were used to analyze Western blotted plasma membrane proteins on polyvinylidene difluoride membranes as described previously (24) . Plasma membranes proteins were separated by sodium dodecyl sulfate (SDS)-gel electrophoresis on 10% precast minigels (Novex) and transferred to a polyvinylidene difluoride membrane in an Xcell II Mini-Cell blotting apparatus according to the manufacturer's instructions.
PCR amplification, quantitative real-time PCR, and sequence analysis. PCR was carried out in a PTC-100 MiniCycler (MJ Research). Amplifications were carried out with Expand Long Template Enzyme mixture with salt buffer 2 provided with the enzyme (Boehringer Mannheim). PCR products were purified prior to sequence analysis with a QIAquick PCR Purification kit and a GEL Extraction kit 
RESULTS
Cloning of A. fumigatus PMA1. Conserved regions of PMA1 genes from S. cerevisiae and other fungi were used to identify P-type ATPases from an incomplete genomic sequence database of A. fumigatus (Astra-Zeneca). A clone with a 3.2-kb insert containing the entire coding region of A. fumigatus PMA1 was obtained from the screening of a commercial genomic library of A. fumigatus. Total genomic DNA was extracted from A. fumigatus strains NIH 5233, a standard reference strain, and H11-20, a clinical isolate from a cancer patient. The genomic DNA was used to amplify A. fumigatus PMA1 with primers derived from the cDNA sequence. A. fumigatus PMA1 cDNA and the genomic DNA sequences of both strains showed 100% identity to one another. The nucleotide sequence and predicted amino acid sequence for A. fumigatus PMA1 are shown in Fig. 1 . The highly conserved motif CSDKTGT, which contains the site of phosphorylation, Asp427, and predicted transmembrane segments are also shown in Fig. 1 . Comparison of the genomic DNA sequence and the cDNA sequence indicated that the A. fumigatus PMA1 gene contains two introns, both of which are located in the N-terminal half. Intron splice sequences and intron sizes were typical of those for filamentous fungi (Table 1 ) (32). The coding region initiates with an ATG codon and terminates with a TAA stop codon. The predicted protein consists of 989 amino acids and a predicted molecular mass of 108,862 Da. A. fumigatus PMA1 and A. nidulans pmaA were approximately 85% identical at the DNA level and 89% at the protein level, and A. fumigatus PMA1 had at least 40% similarity with all known fungal enzymes ( Table 2 ).
The A. fumigatus H ϩ -ATPase contained three unique insertion sequences in the conserved central region of the protein consisting of 39, 7, and 16 amino acids at positions 224, 364, and 886, respectively (Fig. 2) . These insertions are absent from all other fungal membrane H ϩ -ATPases but were present in A. nidulans pmaA. Hydrophobicity and homology analyses of the deduced amino acid sequence of the encoded protein suggested the presence of 10 transmembrane (TM) domains with a long cytoplasmic loop between segments TM4 and TM5 (Fig.  3) . By use of BLAST analysis (1) and the PILEUP alignment program (12), the A. fumigatus H ϩ -ATPase was found to have amino acid sequence identities and similarities of 29 to 53% and 40 to 63%, respectively, relative to those of non-Aspergillus fungal enzymes.
Functional properties of A. fumigatus PMA1. H ϩ -ATPases play an important role in cell physiology in lower eukaryotes and have been shown to be essential to the cell (38) . To assess gene essentiality in A. fumigatus, the intact gene was disrupted by deleting the region containing amino acids 297 to 730 and inserting the A. niger pyrG gene (6) . The linearized construct was used to transform pyrG-deficient strain A. fumigatus CEA17 (6). More than 500 transformants were selected following electroporation or protoplast transformation on minimal medium in the absence of uracil or uridine. PCR analysis of the transformant genotype with A. fumigatus PMA1-specific primers indicated that the A. fumigatus PMA1 disruption allele had not replaced the wild-type homologue of A. fumigatus PMA1. In all transformants, the wild-type copy of A. fumigatus PMA1 remained and the disrupted copy of A. fumigatus PMA1297-730::pyrG was randomly distributed in the genome. Attempts to introduce a well-characterized mutation, S417F, which causes attenuation of catalytic activity in PMA1 genes from other organisms (30) , was also unsuccessful. The effects of these mutations on A. fumigatus PMA1 are unknown but may have been more severe than in other fungi, resulting in apparent lethality.
In the course of disrupting PMA1, we observed that cotransformation of cells with pyrG and an intact A. fumigatus PMA1 marked with a silent mutation that resulted in a novel EcoRI restriction site resulted in a significant number of transformants with multiple copies of A. fumigatus PMA1. The copy number could be increased by repeated 5-fluorootic acid treatment and retransformation with the marked wild-type gene. Figure 4A shows a restriction enzyme (EcoRI) digest of PCRamplified wild-type and polyploid strains carrying the native and marked genes. Quantitative evaluation of the gene in wildtype strains and strains with the marked gene fragments indicated that the gene copy number varied from one to three.
The polyploid A. fumigatus PMA1 strains were evaluated to determine whether increased gene copy number altered the physiological properties of the cells. An important role of PMA1 in most fungi is the regulation of cytoplasmic pH in response to acid loading of the cytoplasm. In theory, cells that express larger amounts of PMA1 relative to the amount expressed in the wild type should have a greater acid efflux capacity, resulting in reduced susceptibility to acidic medium conditions. To examine this possibility, the weak acid acetate, which acidifies the cytoplasm under acidic conditions, was added to standard growth medium and the pH was adjusted from pH 3.5 to 7.0. Wild-type and PMA1 polyploid cells were added to the media in a microdilution format. Figure 4B illustrates that a larger gene copy number results in enhanced growth at pH Ͻ5 in contrast to the growth of the wild type, supporting the role of the H ϩ -ATPase as a high-capacity proton pump. Biochemical properties of A. fumigatus H ؉ -ATPase. Plasma membranes were purified from A. fumigatus strain H11-20 to determine the biochemical properties of the H ϩ -ATPase. SDS-polyacrylamide gel electrophoresis indicated that the A. fumigatus H ϩ -ATPase is slightly larger than H ϩ -ATPases from (Fig. 5B) . The rather diffuse nature of the band may suggest some minor posttranslational modification, perhaps phosphorylation or glycosylation. The A. fumigatus enzyme was found to have an optimal pH for ATP hydrolysis of 6.5 and displayed K m and V max values of 0.5 Ϯ 0.15 mM (n ϭ 3) and 0.2 Ϯ 0.06 mol of inorganic phosphate released per mg of protein per min (n ϭ 3), respectively. An apparent 50% inhibitory concentration (IC 50 ) of 1.8 Ϯ 0.1 M (n ϭ 6) was found for the transition state inhibitor orthovanadate, which classically inhibits P-type enzymes.
DISCUSSION
Few antifungal agents are available for the treatment of life-threatening infections caused by A. fumigatus, and the identification of new antifungal targets remains an important goal. As a family, the P-type ATPases are well-established therapeutic targets. The cardiac Na ϩ , K ϩ -ATPase and gastric H ϩ , K ϩ -ATPase serve as targets for two of the most clinically successful therapeutics, digoxin (16) and omeprazole (35) , respectively. These drugs, which are used to treat heart disease and gastrointestinal ulcers, exhibit a high degree of enzyme selectivity that is essential to their clinical success. The fungal plasma membrane H ϩ -ATPase has potential as a new antifungal target; and the large number of P-type enzymes in plants, parasites, and bacteria that remain unexploited offers promise for expanded development as therapeutic agents (25, 31) .
In this report, the genetic and biochemical properties of the plasma membrane H ϩ -ATPase from A. fumigatus have been described. The A. fumigatus PMA1 protein product consists of 989 amino acids with a putative molecular mass of ϳ108,862 Da. SDS-polyacrylamide gel electrophoresis and Western blot analysis with a sequence-specific peptide antibody confirmed the size of the enzyme (Fig. 5 ) and indicated that it represents approximately 2% Ϯ 1% (n ϭ 6) of the total membrane protein. Previous studies have shown that fungal plasma membrane H ϩ -ATPases are predominant membrane proteins, representing up to 25% of the total plasma membrane protein (23, 37) . The protein amino acid sequence predicts a typical membrane topology with 10 transmembrane segments (Fig. 3) . It contains the highly conserved signature sequences CSDKTGT, TGES, MLTGD, and GDGVN that are involved in ATP binding, phosphorylation, and ATP hydrolysis and that are characteristic of the non-heavy metal-transporting P-type ATPase family (20) . The A. fumigatus enzyme in plasma membranes was found to have an optimal pH of 6.5 and displayed K m and V max values of 0.5 mM and 0.2 mol of P i released per mg of protein per min, respectively, which are typical values for fungal H ϩ -ATPases (21, 26 ). An IC 50 of 1.8 M was found for the mechanism-specific inhibitor vanadate (5), which compares favorably with VO 4 IC 50 s of 0.8, 1.6, and 9 M for H ϩ -ATPases from S. cerevisiae (15) , C. neoformans (40) , and C. albicans (23) , respectively.
A. fumigatus PMA1 has two introns of 66 and 76 nucleotides near the N terminus, with typical splice sequences defining these sites ( Table 1 ). The introns do not appear to define any significant functional boundaries in the enzyme. The A. fumigatus PMA1 cDNA and genomic DNA sequences of both strains showed 100% identity to one another. A high level of identity (99%) to A. nidulans PMA1 was seen as well (33) . The amino acid sequence of A. fumigatus PMA1 shows a similarity of 40 to 63% with other (non-Aspergillus) fungal H ϩ -ATPases and an overall 30% similarity with its animal cell counterparts ( Table  2) . A. fumigatus PMA1 showed 47% (38%) and 63% (52%) similarities (identities) with PMA1 genes from the prominent fungal pathogens C. neoformans and C. albicans, respectively (Table 2) . In all cases, the catalytic ATP hydrolysis domain and closely linked transmembrane segments display the highest level of conservation. Regions at the N and C termini of the P-type ATPases are most divergent, while the extracellular loop domains linking transmembrane segments are more (25, 28, 29) . It is this well-documented diversity that has facilitated the development of drug specificity between P-type enzymes. In principle, a drug targeted to the A. fumigatus H ϩ -ATPase has the potential either to be specific for this fungal pathogen and related organisms because of the Ͼ90% similarity observed for Aspergillus spp. or to have a broad spectrum of antifungal activity because of a high degree (ϳ50%) of similarity with enzymes from other fungal pathogens. Nonetheless, the decreased similarity with related animal enzymes, especially in known therapeutic interaction regions, should promote the necessary specificity.
The A. fumigatus H ϩ -ATPase contains three unique amino acid insertion sequences in the conserved central region of the protein consisting of 39, 7, and 16 amino acids at positions 224, 364, and 886, respectively (Fig. 2) . These insertions are absent from all other fungal membrane H ϩ -ATPases but were present in A. nidulans pmaA. The role of these insertions is unclear. However, they do not appear to play an important functional role in catalysis because binding of the peptide-derived antibody to this region had no effect on ATP hydrolysis (data not shown).
The H ϩ -ATPase plays a critical role in fungal cell physiology, and it is one of the few antifungal targets that have been demonstrated to be essential by gene disruption (38) . In this work, we attempted to disrupt A. fumigatus PMA1 by replacement with a disrupted copy of the gene containing the pyrG cassette. All of the transformants contained both the intact PMA1 and the disrupted copy. Alternatively, an unsuccessful attempt was made to introduce well-characterized mutations in conserved residues which are know to attenuate the catalytic properties of other H ϩ -ATPases (30) . We cannot rule out the possibility that homologous recombination at A. fumigatus PMA1 is a low-frequency event, although PMA1 genes typically show high levels of recombination in other fungi (14) . Homologous recombination levels approaching 45% have been observed in A. fumigatus following electroporation or spheroplast transformation with linearized DNA (7, 43) . It was possible to show that when a second A. fumigatus PMA1 gene was introduced into the chromosome, it was a target for homologous recombination. Collectively, these data are consistent with A. fumigatus PMA1 being an essential gene. A final confirmation of essentiality will have to await the development of a conditional expression system for lethal genes. Yet, it was possible to show functionally the importance of the H ϩ -ATPase in intracellular pH regulation by demonstrating that an increase in the gene copy number (and, presumably, increases in the levels of gene expression and enzyme assembly) confers growth resistance in low-pH medium with the weak acid acetate (Fig. 4) . As the medium is made acidic, more protons are released into the neutral cytoplasm due to changes in acetate equilibrium across the cell membrane. Wild-type cells cannot handle the acid loading below pH 5, but cells expressing larger amounts of the high-capacity A. fumigatus PMA1 proton efflux pump are more resistant to the acid conditions as protons are efficiently exported.
Overall, the fungal H ϩ -ATPase has well-defined properties that should facilitate drug discovery. The enzyme is fully amenable to detailed genetic and biochemical analyses, which should enable an evaluation of drug-target interactions.
